Policing the Ball: A New Potassium Channel Subunit Determines Inactivation Rate
Inactivation of potassium currents during maintained firing results in a progressive increase in action potential width and neuronal excitability. In Kv1.1 channels, inactivation has attributed to a b subunit that blocks the pore of the channel shortly after channel opening. In this issue of Neuron, Shulte and colleagues have identified a novel channel subunit whose interaction with Kv1.1 and the b subunit prevents such inactivation. Mutations in this subunit lead to temporal lobe epilepsy.
One of the features that distinguish potassium channels from calcium or sodium channels is the sheer number of genes that encode potassium channels. With the number of known genes that encode potassium channel pore-forming a subunits now approaching almost 100, it takes a special potassium channel to stand out from the rest. One thing that can help a potassium channel achieve some individuality is precedence. The potassium channel Kv1.1 represents the first cloned member of the first subclass of voltage-dependent potassium channels identified in mammals. This precedence is likely to represent more than historical accident. In contrast to many channels whose expression is limited to specific cell types, the Kv1.1 channel is expressed widely and at a high level in the nervous system. It is concentrated in axonal membranes and in the axonal membrane immediately adjacent to nerve terminals (Trimmer and Rhodes, 2004) .
The mammalian Kv1.1 gene was identified on the basis of its homology to the Shaker gene in Drosophila (Tempel et al., 1988) . Potassium channels have been highly conserved throughout evolution, and it is straightforward to designate Kv1.1 as a homolog of the Shaker gene rather than of the closely related Drosophila Shab, Shaw, Shab, and eag genes, which also encode voltage-dependent potassium channels. Interestingly, despite this high degree of sequence conservation, the electrical characteristics of the invertebrate and mammalian channels have apparently not been conserved. When expressed in heterologous cells, the Shaker channel gives rise to potassium currents termed A-type currents, which inactivate rapidly (within 10-15 msec) during a maintained depolarization. In contrast, expression of Kv1.1 in the same cells produces currents of the delayed-rectifier type, which are characterized by little or no inactivation during depolarizations lasting hundreds of ms.
The rapid inactivation of potassium currents during a sustained depolarization, a defining characteristic of A-type currents, occurs through a ''ball and chain'' mechanism (Hoshi et al., 1990; Zhou et al., 2001 ). In the Drosophila Shaker channel, as well as in the mammalian Kv1.4 potassium channel, a positively charged sequence of amino acids at the cytoplasmic N terminus of the protein represents the ''ball'' and the sequence that links this ball to the first transmembrane segment (S1) represents the ''chain'' ( Figure 1A ). Shortly after depolarization of the channel, the ball swings into a receptacle near the inner mouth of the channel, occluding the channel. This form of inactivation is also typically termed ''N-type'' inactivation because of the location of the ball at the N terminus.
Although Kv1.1 does not have an inactivation ball at its N terminus, it can participate in the generation of inactivating A-currents. In common with several other mammalian channels, Kv1.1 has relegated the control of its gating to ancillary subunits. In particular, the Kvb1 subunit, a peripheral membrane protein that copurifies with Kv1.1, is able to provide a ball that blocks the channel pore shortly after depolarization, in exactly the same manner as the N terminus of the Shaker channel (Figure 1B) (Rettig et al., 1994) . In vivo, Kv1.1 associates with Kvb1 only in certain locations, allowing Kv1.1 to contribute either to delayed rectifier currents or to A-currents depending on its binding partners (Trimmer and Rhodes, 2004) . In neurons in which Kv1.1 channels contribute to delayed rectifier current rather than A-current, Kv1.1 associates with another closely related b subunit, Kvb2, which has properties very similar to those of Kvb1 but lacks the inactivation ball.
The new study by Schulte et al., (2006) has identified yet another binding partner for Kv1.1 and has demonstrated that the rate of inactivation of this channel subunit is not determined simply by the nature of the b subunits with which it is associated. Starting with total rat brain membranes, these authors used an antibody to affinity purify Kv1.1, together with proteins to which it may be bound. After separation of the proteins by gel electrophoresis, they selected specific protein bands for sequencing by nanocapillary tandem mass spectrometry. Using this approach, they were able to identify many proteins that had previously been identified as associating with Kv1.1. These included the known Kvb subunits, as well as other Kv1-family a subunits with which Kv.1.1 can form heteromeric channel complexes. Among the proteins that had not previously been suspected of associating with Kv1.1, they identified Lgi1 (leucine-rich glioma inactivated gene 1). Although the function of this protein was unknown, it had been established that mutation in its gene resulted in autosomal dominant lateral temporal lobe epilepsy, a condition that results in auditory hallucinations as well as seizures.
Like the Kvb subunits, Lgi1 is not an intrinsic membrane protein and probably associates with Kv1.1 though protein-protein interactions on intracellular domains of the channel. To examine the effects of Lgi1 on the electrical properties of Kv1.1 currents, Schulte and coworkers expressed Kv1.1 with its Kvb1 subunit in Xenopus oocytes. In the absence of Lgi1, the currents recorded in these oocytes displayed typical A-current behavior, inactivating in w10 ms. In contrast, coexpression of Kv1.1/Kvb1 with Lgi1 resulted in delayed rectifier currents that undergo very little inactivation during depolarizations lasting 100 ms. Thus, Lgi1 somehow prevents Kvb1 from assuming its established function of providing an inactivation ball for the channel ( Figure 1C) .
Voltage-dependent potassium channels are comprised of a tetramer of pore-forming a subunits together with ancillary subunits. An exquisite degree of fine tuning of potassium currents can be achieved by the formation of heteromers containing two or more different a subunits. By immunohistochemistry, Schulte et al. found partial overlap of Lgi1 localization with regions previously shown to express high levels of Kv1.1. Among these is the hippocampus, in which a heteromeric channel containing Kv1.1 and Kv1.4, together with Kvb1, has been proposed to contribute to A-type potassium current in the presynaptic axons of the medial perforant path and the mossy fiber pathway (Monaghan et al., 2001) . Evidence in support of the idea that Lgi1 is also present in these presynaptic axons was provided by lesioning the input to the hippocampus from the entorhinal cortex, which produced a pattern of reduced staining in the hippocampus that was similar for both Kv1.1 and Lgi1.
One feature that distinguishes Kv1.4 from most other mammalian Kv1 family a subunits is that, like the Drosophila Shaker channel, Kv1.4 carries its own inactivation ball in its N-terminal cytoplasmic domain (Ruppersberg et al., 1991) . The inactivation produced by this intrinsic ball and chain is slower than that of either the Shaker channel or of Kv1.1/Kvb1 channels. When Kv1.4 is expressed alone in oocytes, the resultant currents inactivate with a time constant of w20 ms. When only some of the a subunits in a tetramer contain this intrinsic ball and chain, as when Kv1.4 is coexpressed with Kv1.1 (without b subunits), the rate of inactivation is reduced even further to yield a time constant of w50 ms. Coexpression of all three subunits thought to contribute to the native A-current in hippocampus (Kv1.4, Kv1.1, and Kvb1) allows the inactivation ball of the b subunit to dominate, resulting in a relatively rapid inactivation time constant of w12 ms.
Schulte et al. tested the effects of Lgi1 on the Kv1.4/ Kv1.1/Kvb1 current expressed in oocytes. As was found for coexpression of Lgi1 with Kv1.1 alone, the presence of Lgi1 was found to eliminate the influence of Kvb1 on channel inactivation. Interestingly, the inactivation Previewsproduced by the intrinsic Kv1.4 ball and chain was unaffected. The time constant for inactivation of the channel produced by all four subunits (Kv1.4/Kv1.1/Kvb1/Lgi1) was identical to that of Kv1.1/Kv1.4 heteromers (w50 ms) ( Figure 1D) .
The above experiment suggests that Lgi1 does not generally prevent inactivation but that its effects are specific to Kv1.1/Kvb1. Further evidence for a specific affinity between Lgi1 and the Kv1.1/Kvb1complex is the finding that Lgi1 appears to have no effect on the electrical characteristics of a variety of other inactivating and noninactivating potassium channels, when coexpressed with them in oocytes. Moreover, Lgi1was found to have no effect on the interaction between Kv1.1 and the b subunit Kvb2, which alters voltage-dependence of activation of Kv1.1.
Finally, Schulte et al. examined the effect of four C-terminally truncated mutant Lgi1 molecules that give rise to autosomal dominant lateral temporal lobe epilepsy. In contrast to the wild-type protein, none of these mutants was able to prevent inactivation of Kv1.1 by the Kvb1 subunit. Interestingly, the lack of rapid inactivation was also seen when the mutant Lgi1 were coexpressed with the wild-type Lgi1. A plausible explanation is that each Kv1.1 subunit in a tetrameric channel binds both a b subunit and an Lgi1 subunit. Under these conditions, the presence of even a single mutant Lgi1 subunit would allow its associated Kvb1 to provide an inactivation ball. This finding is consistent with fact that the Lgi1 mutations produce lateral temporal lobe epilepsy that is autosomal dominant.
Inactivation of potassium currents during repetitive neuronal firing causes frequency-dependent broadening of action potentials during repetitive neuronal firing, a finding first described in molluscan neurons (Aldrich et al., 1979) . When such broadening of action potentials occurs close to sites of neurotransmitter release, it results in progressively greater amounts of calcium influx and neurotransmitter release as firing is maintained. Indeed, such inactivation is necessary for the normal pattern of release of most neuropeptide transmitters. Because potassium currents generally dampen excitability, the inactivation of potassium current also renders neurons more excitable even when it occurs at regions of a neuron that do not release neurotransmitter, such as their somata. It is therefore not surprising that mutations in Lgi1 that enhance the inactivation of Kv1.1 channels cause epilepsy, and, consistent with this observation, deletion of the Kv1.1 subunit in mice results in seizures (Smart et al., 1998) .
Although our understanding of the electrical behavior of A-currents has been given a satisfying boost by the identification of Lgi1 as component of a subset of Kv1.1-containing channels, the finding also presents new puzzles. The function of b subunits is not solely to regulate inactivation. Kvb subunits are encoded by at least three genes and one of their major roles is to increase surface expression of the Kv1 a subunits and regulate trafficking to subcellular compartments such as axonal membranes (Pongs et al., 1999) . The Kvb2 subunit is capable of carrying out these functions without supplying an inactivation ball. What then is the biological purpose of providing Lgi1, a relatively large ancillary subunit, simply to eliminate inactivation by the Kvb1 subunit? Could it be that the association between Kv1.1 and Lgi1 is a labile one, allowing the rate of inactivation of channels to change in response to biological signals? Alternatively, does Lgi1 also modify some aspect of trafficking that is unique to the Kvb1 subunit? Support for the notion that Lgi1 has roles beyond policing the access of Kvb1 to the mouth of Kv1.1 is the finding that Lgi1 is expressed in areas that do not express substantial Kv1.1 immunoreactivity.
Answers to some of these questions may come from further analysis of protein-protein interactions between Kv1.1 and its ancillary subunits. The model proposed by Schulte et al., and shown in Figure 1 , is that Kvb1 and Lgi1 are capable of binding simultaneously to each Kv1.1 subunit in a tetramer. Although this is consistent with the data, it has not been established definitively and other possibilities exist. The coimmunoprecipitation experiments of Schulte et al. identified, in addition to Lgi1, a variety of other proteins that may also reside in complexes with Kv1.1-containing channels, and the biological function of some of these proteins is as yet entirely unknown. It is very likely, therefore, that the influence of Lgi1 extends beyond the inactivation ball of Kvb1 to other interactions within the multiprotein complexes that localize ion channels in their appropriate domains in the plasma membrane and regulate their electrical properties in response to second messenger pathways and other biochemical events (Levitan, 2006 
